The regulation of oligodendrocyte development and myelin formation in the CNS is poorly defined. Multiple signals influence the rate and extent of CNS myelination, including the noncanonical cyclin-dependent kinase 5 (Cdk5) whose functions are regulated by its activators p35 and p39. Here we show that selective loss of either p35 or p39 perturbed specific aspects of oligodendrocyte development, whereas loss of both p35 and p39 completely inhibited the development of mature oligodendrocytes and myelination. In the absence of p35, oligodendrocyte differentiation was delayed, process outgrowth was truncated in vitro, and the patterning and extent of myelination were perturbed in the CNS of p35 Ϫ/Ϫ mice. In the absence of p39, oligodendrocyte maturation was transiently affected both in vitro and in vivo. However, loss of both p35 and p39 in oligodendrocyte lineage cells completely inhibited oligodendrocyte progenitor cell differentiation and myelination both in vitro and after transplantation into shiverer slice cultures. Loss of p35 and p39 had a more profound effect on oligodendrocyte development than simply the loss of Cdk5 and could not be rescued by Cdk5 overexpression. These data suggest p35 and p39 have specific and overlapping roles in oligodendrocyte development, some of which may be independent of Cdk5 activation.
Introduction
During CNS development, the generation of oligodendrocytes (OLs) and myelination are tightly regulated, and the failure of myelination or remyelination such as occurs in multiple sclerosis ultimately results in loss of axonal function. Multiple intracellular and extracellular signals modulate CNS myelination (He and Lu, 2013) . These include transcription factors (e.g., Olig2, Nkx2.2, Sox10, and MRF; Zhou et al., 2001; Koenning et al., 2012; , growth factors (e.g., PDGF-AA, Shh, FGF, neuregulin-1, IGF-1, and neurotrophins; Baron et al., 2000; Sussman et al., 2002) , and signaling molecules (e.g., CXCL1, BMP, PI3K/Akt/mTOR, Gsk-3␤, Notch, and Wnts; Genoud et al., 2002; Flores et al., 2008; Narayanan et al., 2009; Azim and Butt, 2011; Tawk et al., 2011; Lebrun-Julien et al., 2014) . How these signals are integrated is unclear, but one potential point of integration is the noncanonical kinase cyclin-dependent kinase 5 (Cdk5).
In neurons, Cdk5 influences multiple cellular functions, including differentiation, migration, cortical lamination, axon guidance, cytoskeletal organization, membrane trafficking, and synaptic plasticity Cheung and Ip, 2012; Yang et al., 2013) . Neuronal circuitry is also dependent on Cdk5 Lai et al., 2012) because Cdk5 is required for learning and memory formation and hippocampal plasticity (Guan et al., 2011; Lai et al., 2012) . More than 50 substrates of Cdk5 have been reported, including ␤-catenin, FAK, Tau, Paxilin, WAVE2, p27 (kip1), msds3, and p53, as well as several regulatory signaling pathways (Gsk-3␤, JNK, p38MAPK, Wnt/␤-catenin, and Notch; Smith et al., 2001; . Although Cdk5 activity is required for OL development, which of these signals are necessary and whether there is relative engagement or hierarchy of the signaling pathways and substrates in myelination and myelin repair is unclear. Likewise, how Cdk5 activity is regulated in OL lineage cells is not fully understood.
Two proteins, p35 and p39, regulate Cdk5 activity (Ko et al., 2001) . Mice lacking p35 mice display a severe phenotype, including cortical lamination defects and abnormal hippocampus morphology, and suffer from sporadic adult lethality and seizures, whereas p39 Ϫ/Ϫ mice are viable, fertile, and have no apparent phenotype (Chae et al., 1997; Ko et al., 2001) . Both p35 and p39 transcripts are first detected at E12, and mRNA expression increases substantially by E15-E17, although the peak of p39 expression in the CNS occurs postnatally. p35 and p39 expression are observed in multiple non-neuronal cells, such as T cells, macrophages, muscle cells, neutrophils, and pancreatic cells (Contreras-Vallejos et al., 2012) . They regulate gene expression, glucose-inducible secretion, hematopoietic cell differentiation, vascular angiogenesis, cell migration, and immune responses (Arif, 2012) . p35 and p39 may also be expressed in astrocytes and microglia Fang et al., 2015) . Deletion of p39 but not p35 has been shown to modulate OL differentiation and myelin repair (Bankston et al., 2013) . Although these studies implicate p39 and to a lesser extent p35 in the generation of OLs and myelination, which aspects and stages of OL development are affected by each of the activators are poorly understood.
Here we show that p35 and p39 regulate distinct Cdk5 activities in OL development. In the absence of p35, the differentiation of OLs and patterning of myelination is disrupted. In contrast, loss of p39 results in delayed OL maturation in vitro and transient reduction in myelin basic protein (MBP) expression in vivo. Lack of both p39 and p35 in OL lineage cells completely blocked oligodendrocyte progenitor cell (OPC) differentiation and myelination in vitro and in demyelinating shiverer slice cultures. Unexpectedly, the disruption of OL development was more pronounced in the absence of p35/p39 than in the absence of Cdk5 alone and could not be rescued by overexpression of Cdk5. Together, these data suggest that p35 and p39 activate distinct Cdk5 functions that modulate distinct stages of OL development and may also have non-Cdk5 targets.
Materials and Methods
Animals. All animal care and animal procedures were approved by the Institutional Animal Care and Use Committee of Case Western Reserve University School of Medicine. Heterozygous p35 ϩ/Ϫ mice (stock #004163; The Jackson Laboratory) were expanded and genotyped by PCR as described previously (Kwon and Tsai, 1998) . p39 ϩ/Ϫ animals (a gift from Dr. James Bibb, University of Texas Southwestern Medical Center, Dallas, TX) were genotyped using PCR as described previously (Ko et al., 2001) . The p35 Ϫ/Ϫ and p39 Ϫ/Ϫ mice are targeted deletions of the p35 or p39 gene. Cdk5 ϩ/Ϫ mice were obtained from Dr. Karl Herrup (Hong Kong University of Science and Technology, Sai Kung, Hong Kong), and individual offspring were genotyped as described previously (Cicero and Herrup, 2005) . Shiverer mice (C3Fe.SWV-MBP shi /J) and C57BL/6 mice were purchased from The Jackson Laboratory. Both male and female mice were included in this study.
Purified OPCs culture. Immunopanning purification of OPCs was based to the previous protocol with slight modifications (Barres et al., 1992) . Cell culture dishes were precoated with secondary antibody IgM (10 g/ml; catalog #55460; Millipore) in 50 mM Tris-HCl and monoclonal antibody A2B5. Dissociated cells were incubated in the precoated culture dishes for 30 min at 37°C, and non-adherent cells were removed. OPCs were released by 0.05% trypsin in DMEM at a purity of ϳ96%. Cells were expanded in media supplemented with 5 ng/ml neurotrophin-3, 10 ng/ml CNTF, 20 ng/ml bFGF, and 20 ng/ml PDGF-AA.
Differentiation of OPCs. To induce OPC differentiation, cells were switched to media lacking bFGF and PDGF-AA, with the addition of thyroid hormone (40 ng/ml; Sigma). OPCs were allowed to differentiate for 2, 4, and 6 d and labeled with O4 ϩ , O1 ϩ , and anti-MBP antibodies. Transfection of OPCs. Transfections were performed using the Amaxa Nucleofector electroporation system using the program O-17 according to the instructions of the manufacturer (Amaxa). Purified OPCs were centrifuged at 1200 rpm for 5 min, and the cell pellet was resuspended to a density of 3 ϫ 10 6 cells/100 l in OPC Nucleofection solution (Amaxa Oligodendrocyte Nucleofector kit; Amaxa), with shRNA for p39 -EGFP (2 g/l), Cdk5-EGFP, control pEGFP-C1 plasmid, or a scrambled plasmid. Transfected cells were added to organotypic slice cultures of shiverer or plated on a poly-L-lysine-coated coverslip at 3 ϫ 10 4 /coverslip and grown in differentiated media for 2-6 d before maturation and myelination analyses.
Organotypic cerebellar slice culture. The cerebellum of P6 -P7 wild-type (WT) or shiverer mice was dissected, and 300-m-thick sagittal cerebellar slices were sectioned using a Leica Vibratome. Slices were placed into cell-culture inserts (Millicell-CM; Millipore) and grown in medium containing basal medium Eagle medium supplement with 25% horse serum, 0.5% glucose, 2.5% HBSS, and 1% L-glutamine for 2 d as described previously (Najm et al., 2011 (Najm et al., , 2015 . To assay the effects of loss of p35 and p39 on maturation and myelination, purified p35 Ϫ/Ϫ or p39 Ϫ/Ϫ OPCs were injected into shiverer cerebellar slices at a cell density of 2 ϫ 10 5 . For deletion of both p35 and p39, OPCs from p35 Ϫ/Ϫ were transfected with shRNA for p39 -EGFP plasmid, injected into slices, and allowed to mature and myelinate for 10 d.
For MBP detection, slices were fixed in 4% paraformaldehyde and delipidated with 95% ethanol and 5% acetic acid for 20 min. Primary antibodies (MBP, SMI-99, 1:500 from Covance; Neurofilament 200, 1:250 from Sigma; and GFP, 1:250 from Invitrogen) were incubated overnight at 4°C, followed by the appropriate secondary antibodies of either goat anti-mouse or anti-rabbit IgG Alexa Fluor 488 or 594 (1:500; Invitrogen). Slices were mounted and analyzed using a Leica DFC 500 fluorescence microscope. Quantitative measurement of MBP intensity in the slices was accomplished using the EBImage imaging software (http://master.bioconductor.org/packages/release/bioc/html/EBImage. html) and run through the statistical programming environment R as described by the Kumlesh group (Sheridan and Dev, 2012; Pritchard et al., 2014) . At least six to seven slices from each group and four to six images per slice were captured and used for imaging analysis. The total fluorescence intensity of MBP was analyzed and normalized to the intensity of background staining. To measure the amount of MBP (red) colocalized with neurofilament 200, labeling of neurofilament 200 (green) was used as a "mask" and the intensity of MBP was assayed. Data comparing the fluorescence intensity of MBP in each experimental group were normalized to controls and presented as bar graphs.
Immunocytochemical staining of purified OPCs/OLs. Labeling with monoclonal antibodies O4 and O1 (1:10) were performed on live cells (O4 at 1:5 and O1 at 1:10), followed by secondary antibody goat antimouse IgM Alexa Fluor 488 or 594 (1:500; Invitrogen). For double labeling, cells were incubated with the second primary antibodies against p35 or p39 (1:100; Abcam) or rabbit anti-Cdk5 (1:100; Santa Cruz Biotechnology) or MBP (SMI-99, 1:500; Covance) overnight at 4°C, followed by secondary antibodies conjugated with Alexa Fluor 488 or 594. Cells were mounted with Vectashield mounting medium with DAPI (Vector Laboratories).
Immunohistochemical staining of frozen sections. Mice were anesthetized with avertin and perfused with PBS and 4% paraformaldehyde. Dissected brain were postfixed in 4% paraformaldehyde overnight at 4°C and equilibrated in 20% sucrose. Coronal cryosections of brains (20 m) were pretreated with Reveal Decloaker Solution (Biocare Medical) for antigen retrieval according to the instructions of the manufacturer. After blocking, sections were incubated with the primary antibodies (MBP, SMI-99, 1:500 from Covance; Olig2, 1:250 from Millipore; and CC1, 1:250 and Neurofilament 200, 1:250 from Sigma), followed by appropriate secondary antibodies. Sections were counterstained with DAPI (1:1000; Sigma) and mounted with mounting medium (Vector Laboratories). All images were taken and analyzed using a Leica DFC500 fluorescence microscope.
Electron microscopy analysis. For ultrastructural analyses, anesthetized animals were perfused with 2% glutaraldehyde/4% paraformaldehyde in 0.1 M sodium carcodylate buffer, pH 7.4 (Electron Microscopy Sciences). Tissue was postfixed in 1% OsO 4 for 2 h, and coronal sections (500 m) containing the corpus callosum were prepared (Leica Vibratome), dehydrated, stained with saturated uranyl acetate, and embedded in a Poly/Bed812 resin (Polysciences). Thick sections (1 m) were cut and stained with toluidine blue, and matched areas were selected for electron microscopy (EM). Ultrathin sections (0.1 m) were cut and visualized using an electron microscope (Jeol 100CX) at 80 kV. G ratios were calculated from at least 50 -100 randomly selected myelinated axons.
Crosslink immunoprecipitation and kinase assay of Cdk5 activity. The Pierce Crosslink immunoprecipitation kit (catalog #26147; Thermo Fisher Scientific) was used for protein immunoprecipitation according to the instructions of the manufacturer. Proteins were extracted from cell lysates and precleaned using control agarose resin to reduce nonspecific binding. Cdk5 antibody was preconjugated to Pierce Protein A/G Plus Agarose and crosslinked by adding disuccinimidyl suberate crosslinker in a Pierce Spin Column. Five hundred micrograms of proteins of precleaned lysates were loaded to the Cdk5 antibody-crosslinked resin in the column and incubated overnight at 4°C. After elution of Cdk5 antigen from the column, kinase buffer (catalog #9802S; Cell Signaling Technology) containing Histone H1 (catalog #14-155; Millipore) and 20 g of ATP (catalog #9804S; Cell Signaling Technology) was added to Cdk5 antigen elution, and the kinase activity of Cdk5 was measured with antiCdk5 immunoprecipitates using Histone H1 as a substrate. The levels of phosphorylated Histone H1 were determined by Western blots using phosphorylated antibody of MAPK/Cdk (1:1000; Cell Signaling Technology), which recognizes the phosphorylated sites of Histone H1, and the intensity of bands was analyzed by NIH ImageJ. Three separate experiments were performed, and the intensity of bands was quantified by NIH ImageJ.
Biochemical analysis: Western blots. Purified OPCs or subcortical white matter samples were homogenized in RIPA lysis buffer containing protease and phosphatase inhibitor mixture, and equal amounts of protein were loaded, separated by 15% SDS-PAGE, and transferred to PVDF membranes. The membranes were blocked in PBS buffer containing 0.1% Tween 20 and 5% BSA for 2 h, incubated with primary antibodies overnight at 4°C, followed by secondary appropriate antibodies conjugated to HRP. The following primary antibodies were used: p39 (1:1000; Abcam), p35 (1:1000; Millipore), Cdk5 (1:1000; Santa Cruz Biotechnology), p-Cdk5 (Tyr15, 1:500; Santa Cruz Biotechnology), MBP (1:1000; Covance), Akt (1:1000; Cell Signaling Technology), p-Akt (Ser473, 1:1000; Cell Signaling Technology), Gsk-3␤ (1:1000; Millipore), p-Gsk-3␤ (Ser 9, 1:1000; Cell Signaling Technology), CREB (1:1000; Cell Signaling Technology), p-CREB (Ser133, 1:1000; Cell Signaling Technol- ogy), ␤-catenin (1:1000; BD Biosciences), p-␤-catenin (Ser33/37/Thr41, 1:500; Cell Signaling Technology), and ␤-actin (1:1000; Santa Cruz Biotechnology). The density of bands was quantified using NIH ImageJ software. Quantification and statistical analysis. Blinded counts of cultured cells and cells in matched locations of frozen sections were performed on at least three coverslips or sections per condition from three individual animals using a Leica fluorescence microscope. Six to seven fields were selected randomly and counted on each coverslip or section. The percentage of immunopositive cells were calculated and compared between WT and p35 Ϫ/Ϫ or p39 Ϫ/Ϫ animals. To quantify the cytoarchitecture of OLs, the number of primary processes, and the average footprint area of MBP, at least 40 -50 individual O4 ϩ or MBP ϩ cells from each genotype were used for analysis by NIH ImageJ. The relative fluorescence intensity of myelin in slice cultures was measured using EBImage software. All data are presented as mean Ϯ SEM. Statistical analysis was performed using two-way ANOVA tests for comparison. p values Ͻ0.05 were considered statistically significant.
Results
The expression of p35 and p39 in OL lineage cells To determine the temporal expression of the Cdk5 activators p35 and p39 in cells of the OL lineage, their expression was assayed in OPCs and differentiated OLs. Expression of p35 and p39 was detected in multiple stages of OL lineage cells (Fig. 1 A, B) . Both p35 and p39 were expressed in the majority of O4 ϩ OPCs, immature O1 ϩ , and mature MBP ϩ OLs (Fig. 1 A, B) . Western blot analysis confirmed the expression of p35 and p39 in purified OPCs (Fig. 1C) . After switching to differentiation media, p35 was detected as early as 1 d and increased significantly up to 3 d of differentiation before decreasing at 5 and 7 d of differentiation (Fig. 1Ca,Cb) . The expression of p39 was delayed compared with p35. After 1 d of differentiation, p39 was barely detectable and levels increased significantly by 5 and 7 d of differentiation (Fig.  1Cc) . Consistent with previous studies (Tang et al., 1998; Bankston et al., 2013) , the expression of Cdk5 was increased throughout the differentiation interval (Fig. 1Cd ). These results demonstrate that both p35 and p39 are expressed in the OL lineage, and the differential timing of their expression suggests they modulate distinct aspects of Cdk5 function. purified from the corpus callosum of P2 p35 Ϫ/Ϫ and p39 Ϫ/Ϫ animals and their development compared with WT cells. Compared with WT OPCs, the differentiation of p35 Ϫ/Ϫ cells was delayed (Fig. 2) . At 2 DIV, the proportion of O4 ϩ cells was similar ( Fig.  2A) , although p35 Ϫ/Ϫ cells had a less complex morphology ( Fig.  2A) . By 4 d of differentiation, the proportion of p35 Ϫ/Ϫ -expressing O1 was significantly reduced compared with WT controls ( p35 Ϫ/Ϫ , 12 Ϯ 2%; WT, 29 Ϯ 2%; Fig. 2 A, B ) and, by 6 d of differentiation, the proportion of p35 Ϫ/Ϫ cells expressing MBP was significantly reduced compared with WT ( p35 Ϫ/Ϫ , 2 Ϯ 1%; WT, 20 Ϯ 2%), suggesting that p35 plays a role during the differentiation and maturation of OLs (Fig.  2B ). Parallel studies with OPC purified from p39 Ϫ/Ϫ animals demonstrated a selective effect on the maturation of OLs to MBP ϩ cells ( p39 Ϫ/Ϫ , 8 Ϯ 1%; WT, 28 Ϯ 4%) but no significant effect on the proportion of O4 ϩ or O1 ϩ cells (Fig. 2C,D) . The loss of p35 and p39 also had differential effects on the morphology of OPCs and OLs. In p35 Ϫ/Ϫ O4 ϩ cells, the cellular complexity was reduced and the average number of primary processes of O4 ϩ cells was significantly less ( p35 Ϫ/Ϫ , 4 Ϯ 1; WT, 5.7 Ϯ 1; Fig. 2E ). Likewise, the "footprint" of MBP ϩ cells was significantly smaller (Fig. 2F ) . In contrast, no significant differences in the average number of the primary processes of O4 ϩ cells or the MBP cell footprint were detectable in p39 Ϫ/Ϫ cells compared with WT controls (Fig. 2G,H ). These data suggest that p35 and p39 activate distinct functions of Cdk5 that regulate OL development at different stages. Whereas p35 promotes the elaboration of branches and processes of OPCs and OLs, the role of p39 is restricted to regulating the maturation of OLs. Ϫ/Ϫ and p39 Ϫ/Ϫ mice. Reduction of MBP (red) myelin expression in the cortex and corpus callosum and disrupted pattern of axonal projections stained with neurofilament (NF; green) at the ages of P14, P21, 1 month, and 2 months in p35 Ϫ/Ϫ mice compared with age-matched WT controls (A). Reduced MBP expression was only observed in p39 Ϫ/Ϫ mice at age P14, and no significant differences were detected in p39 Ϫ/Ϫ mice at ages P21, 1 month, and 2 months (B). Scale bar: A, B, 100 m.
Distinct roles for p35 and p39 in OL differentiation
Characterization of OL and myelin development in the brain of p35 ؊/؊ and p39 ؊/؊ mice To determine whether the loss of p35 or p39 altered the differentiation and maturation of OPC lineage cells in vivo, 20 m coronal sections through the corpus callosum and adjacent cortex of p35 Ϫ/Ϫ and p39 Ϫ/Ϫ mice were labeled with antibodies to Olig2, CC1, MBP, and neurofilament at P7, P14, P21, and 1 and 2 months of age. Analysis of the number of Olig2 ϩ cells did not reveal any significant difference between p35 Ϫ/Ϫ and WT animals at any age assayed (Fig. 3 A, B) . In contrast, analysis of the number of CC1 ϩ cells in p35 Ϫ/Ϫ animals revealed a significant decrease compared with age-matched WT sections at P7, P14, P21, and 1 month of age (Fig. 3 A, B) , consistent with the hypothesis that p35 plays a role in the differentiation of OPCs. The effect of p39 loss was less pronounced than that of p35. There was no significant difference in the density of Olig2 ϩ cells, and the density of CC1 ϩ cells was significantly different only at P7 and P14. By P21, the density of CC1 ϩ cells was similar to that of WT littermate controls, suggesting that p39 has a more limited role in regulating the development of OLs. In addition, no significant difference was seen in axon diameters of corpus callosum among p35 Ϫ/Ϫ , p39 Ϫ/Ϫ , and WT mice. Changes in myelination levels reflected the changes in CC1 ϩ cell numbers. In p35 Ϫ/Ϫ animals, the organization of the subcortical white matter was severely disrupted (Fig. 4A) and the expression of MBP was significantly reduced (Fig. 4A ) throughout development. However, in p39 Ϫ/Ϫ animals, a reduction of MBP was evident only at P14, and this was relatively minor (Fig. 4B) . Quantitation of protein levels by Western blot analysis confirmed a reduction in MBP expression at both P14 and 1 month of age in p35 Ϫ/Ϫ animals ( Fig. 5 A, B) , whereas the only significant reduction in MBP level was seen at p14 in p39 Ϫ/Ϫ animals ( Fig. 5 A, C) . Ultrastructural studies confirmed a reduction in myelination in p35 Ϫ/Ϫ animals at 2 months of age (Fig. 5D ) that included a reduction in the proportion of myelinated axons and a reduction in relative myelin thickness shown by changes in the G ratio. Animals lacking p39 had no significant differences in the levels of myelination in the corpus callosum (Fig. 5D) . The profile of changes in myelination in p35 Ϫ/Ϫ and p39 Ϫ/Ϫ animals is similar to that seen in purified cultures of OPCs, but particularly p35 Ϫ/Ϫ animals had a significant disruption of neuronal patterning that may contribute indirectly to changes in MBP expression. To unambiguously define the relative roles of OL lineage-expressed p35 and p39 in CNS myelination, a heterogenetic organotypic cerebellar slice preparation was used (Najm et al., 2013) .
Differential myelination capacity of p35
؊/؊ and p39 ؊/؊ OLs in organotypic slice cultures To directly assess the effects of loss of p35 and p39 in cells of the OL lineage on their capacity for myelination, we used a hetero- (Fig. 6A) . In contrast, in parallel shiverer-derived slices, although there was extensive axonal outgrowth, there was a complete absence of MBP (Fig. 6A) . Integration of purified WT OPCs into shiverer slices resulted in extensive expression of MBP after 10 d in culture that was oriented along axons (Fig. 6B) . Integration of a similar number of purified p35
OPCs in parallel shiverer slices resulted in dramatically lower levels of MBP expression. Not only were the number of MBP ϩ cells reduced but also their processes mostly lacked alignment with cerebellar axons (Fig. 6B-D) . Integration of similar numbers of p39 Ϫ/Ϫ purified OPCs into shiverer slices generated levels of MBP similar to that seen in WT cells (Fig. 6B-D) , suggesting that lack of p35 has a more pronounced effect than the lack of p39 on the capacity of OPCs to generate myelin.
Partial compensation of expression of p35 and p39 in the OL lineage Individual loss of p35 and p39 resulted in a partial reduction in the myelinogenic capacity of OLs, suggesting the potential for compensatory expression. Quantitative Western blot analyses of purified OL lineage cells demonstrated elevated levels of p35 expression in cells lacking p39 that increased with differentiation ( Fig.  7 A, B) . Similarly, the relative levels of p39 were increased in cells lacking p35 (Fig.  7C) , suggesting compensatory expression. Consistent with the in vitro data, the relative levels of p35 were elevated in subcortical white matter of p39 Ϫ/Ϫ animals, whereas the relative levels of p39 were elevated in subcortical white matter of p35 Ϫ/Ϫ animals compared with controls ( Fig. 7D-F ) . Together, these data suggest that the coordinated expression of p35 and p39 may functionally compensate for each other.
To determine the extent of functional compensation between p35 and p39 during OPC differentiation and myelination, purified p35 Ϫ/Ϫ OPCs were electroporated with shRNA for p39 tagged with EGFP using Amaxa Nucleofector, and their differentiation was assayed. Electroporation of scrambled shRNA did not significantly affect the development of p35 Ϫ/Ϫ OPCs as marked by expression of O4, O1, and MBP immunoreactivity (Fig.  8A) . In contrast, electroporation of p39 shRNA into p35 Ϫ/Ϫ cells completely suppressed OPC development, although GFP expression revealed remaining process-bearing cells (Fig. 8A) , indicating that the capacity of cells lacking both p35 and p39 to progress to myelinating cells was completely compromised.
To assess whether the differentiation of p35 Ϫ/Ϫ ;p39 shRNA OPCs could be rescued by a neuronal environment, they were introduced into shiverer slices and the expression of MBP was assayed. OL precursors derived from p35 Ϫ/Ϫ animals transfected with shRNA for p39 and identified by GFP expression failed to generate detectable MBP in shiverer slices even when maintained for up to 10 d, whereas WT cells elaborated extensive MBP ϩ processes (Fig. 8 B, C) . The primary role of p35/p39 is thought to be activators of Cdk5, and it was anticipated that Cdk5 Ϫ/Ϫ cells would demonstrate a phenotype identical to p35 Ϫ/Ϫ ;p39 shRNA cells when transplanted to shiverer slices. Somewhat unexpectedly, Cdk5 Ϫ/Ϫ cells had a less severe phenotype than p35 Ϫ/Ϫ ;p39 shRNA cells in that they elaborated MBP ϩ processes, although compared with WT cells, they were significantly shorter and not oriented along axons (Fig. 8Ba ,Bc,Bg,C,D). To determine whether the overexpression of Cdk5 could rescue the myelination defect of p35 Ϫ/Ϫ ;p39 shRNA cells, p35 Ϫ/Ϫ cells were cotransfected with both p39 shRNA tagged with GFP and an overexpression construct of Cdk5 and added to shiverer slices. No rescue of the myelin defect was detected, consistent with the role of p35/ p39 as activators rather than inducers of Cdk5 (Fig. 8Ba ,Bb,C) or working through a Cdk5 independent pathway. In contrast, the myelination defect of Cdk5 Ϫ/Ϫ cells could be rescued after Cdk5 overexpression (Fig. 8Bc,Bd,C) . Furthermore, knockdown of either p35 or p39 in Cdk5 Ϫ/Ϫ OPCs showed an additive and more severe myelination defect than in Cdk5 Ϫ/Ϫ cells alone (Fig.  8Bc ,Be,Bf,C).
These studies suggest that p35 and/or p39 are critical for OL development and myelination. Although a major target of p35 and p39 activity is Cdk5, the difference in phenotype severity between cells lacking Cdk5 and both p35/39 and their additive nature suggests that p35/39 may have additional non-Cdk5 functions in OL development. , 2011) . To elucidate whether Cdk5 activity was affected by the lack of p35/p39, the activity of Cdk5 was assayed using crosslink immunoprecipitation and in vitro kinase assay. Decreased kinase activity of Cdk5 was observed by measuring the levels of phosphorylated Histone 1 in p35 Ϫ/Ϫ ; p39 shRNA OPCs compared with WT OPCs (Fig. 9C) . In addition, the levels of p-Cdk5, p-Akt, p-Gsk-3␤ (Ser 9), and p-CREB were significantly reduced in p35 Ϫ/Ϫ ;p39 shRNA and Cdk5 Ϫ/Ϫ cells when compared with WT cells. However, the phosphorylation levels of CREB in p35 Ϫ/Ϫ ;p39 shRNA cells was significantly lower than in Cdk5 Ϫ/Ϫ cells, although there were no significant changes in the total protein levels in the absence of p35 and p39 (Fig. 9 A, B) , suggesting CREB as a potential target for p35 and p39. Together, these data suggest that p35/p39 are important for the activity of Cdk5 and its downstream targets that regulate OPC differentiation and myelination through both positive and negative signaling pathways.
Discussion
Multiple aspects of neurogenesis are influenced by Cdk5 (Lagace et al., 2008; . Emerging evidence also implicates a role for Cdk5 in OL development, myelination, and remyelination (He et al., 2011b; Yang et al., 2013; . How the functions of Cdk5 are regulated in the OL lineages is currently unknown. The only known activators of Cdk5 are the cyclin-like proteins p35 and p39, and, by analogy with their role in neuronal development (Ko et al., 2001 ), we assayed their relative importance in OL development and show that OL lineage cells require p35 and p39 to complete their developmental program both in vitro and in vivo.
Loss of either p35 or p39 disrupts oligodendrogenesis, but the influence of their loss is not equal. Morphological analyses demonstrated that p35 mediates process outgrowth and the transition 
of O4
ϩ progenitor cells into immature O1 ϩ cells. In vivo axonal pathways and the levels of myelination were severely affected by the loss of p35. The specific functions of p39 are less evident and primarily contribute to the transition from O1 ϩ to mature MBP ϩ OLs. In vivo loss of p39 resulted in a mild phenotype of a transient delay of OL maturation. Single knock-out studies suggest that p35 and p39 have distinct functions during oligodendrogenesis that reflect specific activation of Cdk5. However, several lines of evidence indicate that p35 and p39 are at least partially capable of compensating for each other. For example, compared with WT controls, in p35 Ϫ/Ϫ mutants, the levels of p39 are elevated, whereas in p39 Ϫ/Ϫ mutants, the levels of p35 are elevated. More compelling is the finding that loss of both p35 and p39 results in a more profound phenotype than loss of either activator alone and results in a complete inhibition of OL maturation and myelination. The best known functions of p35/p39 are activators of Cdk5 (Ko et al., 2001) , and the finding that the phenotype of OL lineage cell lacking both p35 and p39 was significantly worse than the phenotype of OL lineage cells lacking Cdk5 Ϫ/Ϫ raises the possibility they have additional functions or targets in the OL lineage independent of Cdk5.
The timing of p35 and p39 expression during OL development and their relative influence of individual loss support the notion they have separate but overlapping functions. Early in development, p35 not p39 is predominantly expressed and its loss profoundly affects OPCs. In contrast, loss of p39 has less influence because p35 is already expressed and is upregulated as a result of p39 loss. This hypothesis, although consistent with our developmental data, is less consistent with studies suggesting that p39, but not p35, is the primary Cdk5 activator during OL differentiation and remyelination in the adult CNS (Bankston et al., 2013). The difference in these results might reflect the different animal species and techniques used by Bankston and colleagues but also imply that the regulation of Cdk5 activity is more complex than currently appreciated. It may be that, in the setting of remyelination, recruitment of adult OPCs does not require p35, whereas differentiation of those cells is in part p39 dependent. Such a model is supported by our finding that p39 influences OL maturation and myelination.
The current study implicates p35 as a major activator of Cdk5 during OL development and myelination, but how p35 expression levels are regulated in the OL lineage is unclear. Previous studies in neurons have indicated that p35 gene expression is induced by multiple external signals, including nerve growth factor, brain-derived neurotrophic factor, retinoic acid, 1,25-dihydroxyvitamin D3, and laminin (Paglini et al., 1998; Harada et al., 2001; Chen et al., 2004; Lee and Kim, 2004; Song et al., 2005; Shah and Lahiri, 2014) . The upregulation of p35 expression by these factors may be mediated through activation of either the ERK1/2 or PI3K pathway (Harada et al., 2001; Song et al., 2005) . Transcription factors, such as Hsf2, Brn-1, and Brn-2, are also involved (McEvilly et al., 2002; Chang et al., 2006) and tightly linked to the regulation of OL development (Schreiber et al., 1997; Stacchiotti et al., 1999; Homma et al., 2007) . It is plausible that p35/p39 might function as a point of convergence for signaling through these distinct pathways. In this scenario, through control of Cdk5 activity, p35/39 integrate input from different Ϫ/Ϫ ;p39 shRNA OPCs. A, Western blotting of p-Cdk5 (Tyr15), Cdk5;p-Akt (Ser473), Akt;p-Gsk-3␤ (Ser 9), Gsk-3␤, p-CREB (Ser133), CREB;p-␤-catenin (Ser33/37/Thr41), ␤-catenin in WT, p35 Ϫ/Ϫ ;p39 shRNA, or Cdk5 Ϫ/Ϫ OPCs at day 3 of the differentiation period. B, Quantitative protein levels of p-Cdk5, p-Akt, p-Gsk-3␤, p-CREB, and p-␤-catenin were analyzed by NIH ImageJ. C, The kinase activity of Cdk5 of WT, p35 Ϫ/Ϫ ;p39 shRNA, or Cdk5 Ϫ/Ϫ OPCs was measured with anti-Cdk5 immunoprecipitates using Histone H1 as a substrate. The levels of phosphorylated Histone H1 were determined by Western blots using phosphorylated MAPK/Cdk antibody (top).
pathways and fine-tune the rate and extent of OPCs differentiation and myelination.
The morphological development of OL lineage cells was reduced in the absence of p35, suggesting that p35-Cdk5 interacts with cytoskeletal components and that disrupted cytoskeleton influences the capacity of OL myelination (Zuchero et al., 2015) . In neurons, p35-Cdk5 has been proposed to contribute to formation of actin-based structures such as dendritic spines, as well as general morphogenesis and motility Lai and Ip, 2015) . This likely reflects the capacity of p35 to directly bind to F-actin and mediate cytoskeletal reorganization (He et al., 2011a) . In addition, Tau and WAVE1, two downstream targets of Cdk5, have been shown to be important for OL morphogenesis and normal CNS myelination (Kim et al., 2006; Miyamoto et al., 2008; Seiberlich et al., 2015) . It seems likely that the perturbation of OL morphology and reduced myelination seen in the absence of p35 reflect both its direct interaction with actin filaments and disruption of downstream targets of Cdk5. The precise role of the different components remains to be resolved.
The significant disruption in the patterning of axonal trajectories and myelination in p35 Ϫ/Ϫ mice and the lesser effects in p39 Ϫ/Ϫ animals may reflect the loss of p35 in both neuronal and OL lineage cells. Our in vitro studies unambiguously demonstrate a cell-autonomous role for both p35 and p39 in cells of the OL lineage. What is currently unclear is what the relative contribution to the in vivo phenotype of p35/p39 loss in neurons versus glia. Indeed, it has never been excluded that part of the neuronal phenotype in the Cdk5 Ϫ/Ϫ , p35 Ϫ/Ϫ , and p39 Ϫ/Ϫ animals is attributable to defects in their associated OL lineage cells. Clearly, the development and function of neuronal and OL lineage cells are closely linked, and loss of myelinating OLs is not compatible with long-term survival. It is notable that, in neurons as in OLs, the loss p35 is more detrimental to Cdk5 activity than is the loss of p39.
Both p35 and p39 are believed to exert their primary functions through interactions with Cdk5 that help regulate its activity and substrate preference (Ko et al., 2001; Shah and Lahiri, 2014) . Previous studies have demonstrated that double knock-out p35 Ϫ/Ϫ ;p39 Ϫ/Ϫ animals have a perinatal lethal phenotype that is a near perfect mimic of Cdk5 Ϫ/Ϫ animals (Ko et al., 2001) . In the present study, in the OL lineage, we find that the loss of both p35 and p39 generates a stronger phenotype than the loss of Cdk5 alone for differentiation and myelination. Loss of Cdk5 alone results in delayed maturation, but the cells retained the ability to generated MBP in shiverer slice cultures, unlike the p35/39 Ϫ/Ϫ cells that failed to generate any MBP, suggest that p35 and p39 participate in the regulation of OL development in part through a Cdk5-independent pathway.
The idea of a Cdk5-independent p35/39 function is consistent with previous studies. Several p35 binding proteins have been identified in neurons, including ␤-catenin, E-cadherin precursor, neurofilament subunits, and tau (Kesavapany et al., 2001; Hou et al., 2007; He et al., 2008; Lin et al., 2008) . p35 and p39 may interact with the ␣-subunit of Ca 2ϩ/ /calmodulin-dependent protein kinase II and ␣-actinin-1 in a calcium-dependent manner (Dhavan et al., 2002) . Furthermore, a recent study showed that p35 could modulate gene transcription through regulating nucleocytoplasmic shuttling of transcription regulators, such as nuclear hormone receptor coregulator-interacting factor 1, independent of Cdk5 activity (Zhao et al., 2014) . p35/Cdk5 may also regulate transcription at multiple levels that include interaction with histone deacetylase complexes . Finally, the p35 degradation product p25 is capable of binding directly to Gsk-3␤ (Chow et al., 2014) . Our immunocytochemical data indicate that a significant fraction of p35 and p39 has a nuclear localization in OL lineage cells, suggesting that they may be involved in transcriptional control during OPCs differentiation.
In summary, our studies provide evidence that p35 and p39 are critical regulators of OPC differentiation, maturation, and myelination and that p35 and p39 regulate OL development either through Cdk5-dependent activity or Cdk5-independent pathways. These findings will facilitate identification of upstream regulators of p35 and p39 and allow for the development of new avenues for therapeutic intervention in demyelinating diseases.
